The influence of saccharides on the formation of acrylamide (AcA) was investigated. The reducing saccharides reacted with asaparagine to form AcA, but the non-reducing saccharides, except sucrose, gave no AcA. AcA formation from a mixture containing glucose and asaparagaine was suppressed by the non-reducing saccharides, especially trehalose (76% suppression) and neotrehalose (75% suppression). Glucose is heatdegraded into pyruvaldehyde and 5-hydroxymethyl-2-furfural in the water system. The degradation products react with asparagines to generate AcA. Trehalose appears to inhibit not only the formation of these intermediates and asparagines for AcA, but also the AcA formation from these intermediates.
In 2002, researchers at the Swedish National Food Administration and Stockholm University reported finding significant amounts of acrylamide (AcA) in a variety of fried and oven-cooked foods, especially potato chips, French-fried potatoes, biscuits, and cereals. 1) Soon afterwards, the World Health Organization and the Food and Agriculture Organization convened experts for consultation on AcA.
2) The occurrence of AcA in food was a concern because this substance has been reported to be a potential human carcinogen and genotoxicant. [3] [4] [5] The importance of asparagine in the mechanistic formation of AcA in foods was reported at the 116th Association of Official Analytical Chemists International Annual Meeting and Exposition. 6) A number of potential mechanisms for the formation of AcA were published.
Recently, Mottram et al. recognized the importance of asparagine as one of the reactants, and speculated that dicarbonyl compounds are necessary as co-reactants in a Strecker degradation. 7) Stadler et al. reported that Nglucosides (Schiff bases when viewed in their openchain automatic form) formed by reaction of glucose with asparagine, when heated, resulted in significant amounts of AcA, while N-glucosides from glutamine and methionine formed only minor levels of AcA. 8) Becalski et al. also confirmed the role asparagine as a precursor of AcA. 9) Trehalose (-D-glucopyranosyl -D-glucopyranoside) is a non-reducing disaccharide composed of two glucose molecules joined by an ,-1,1 linkage. This saccharide occurs widely in microorganisms, plants, and invertebrate animals. 10) Recently, a mass-production method of producing trehalose from starch was developed, resulting in the extensively use of trehalose in the food, cosmetic, pharmaceutical, and medicinal industries. 11, 12) No report on AcA formation in the presence of nonreducing saccharides, including trehalose, has been published so far.
In this study, the effect of trehalose on the formation of AcA and the mechanism of action of trehalose were investigated.
Materials and Methods
Materials. Trehalose (> 99:9% purity), neotrehalose (99.8%), maltose (99.9%), kojibiose (98.0%), nigerose (97.0%), isomaltose (99.0%), maltotriose (98.3%), glucosyltrehalose (-D-maltosyl -D-glucoside, 99.0%), maltotetraose (98.0%), maltosyltrehalose (-D-maltotriosyl -D-glucoside, 99.2%), cyclic-tetrasaccharide (CTS, 100%), -cyclodextrin (98.0%), -cyclodextrin (98.2%), maltitol (99.3%), isomaltitol (98.7%), and lactitol (99.9%) were purchased from Hayashibara Biochemical Laboratories (Okayama, Japan).
Glucose (> 99%), fructose (> 99%), galactose (> 98%), xylose (> 98%), sucrose (> 99%), sorbitol (> 99%), mannitol (99.9%), erythritol (98.7%), xylitol (> 98%) and ascorbic acid (> 99%) were purchased from Wako Pure Chemical (Osaka, Japan) and Tokyo Chemical (Tokyo).
Asparagine (> 99%) was purchased from Tokyo Chemical, and acrylamide (AcA, 99.9%) was purchased from Kanto Chemical (Tokyo). All other solvents and chemicals used were of high purity grade, from Wako Pure Chemical.
y To whom correspondence should be addressed. Tel: +81-86-231-6731; Fax: +81-86-231-6738; E-mail: okukaz@hayashibara.co.jp Analysis of AcA by gas chromatography (GC). Analysis of AcA by GC was performed after derivatization to 2-bromopropanamide by the method of Pedersen et al. 13) Briefly, samples were derivatized by bromination using 2 g of potassium bromide, hydrobromic acid (acidification to pH 1 to 3), and 3.34 g potassium bromate at 4 C for 60 min. Excess bromine was decomposed by adding single drops of sodium thiosulfate (1 M) until the yellow color disappeared. Sodium sulfate (15 g) was added, and then 2,3-dibromopropanamide was extracted with ethyl acetate (2 Â 20 ml). The ethyl acetate fractions were dried and evaporated with a rotary evaporator to 200 ml, and 20 ml of triethylamine was added into the evaporated solution to convert 2,3-dibromopropanamide into 2-bromopropanamide. The quantification of AcA was performed on a Shimadzu GC-14B gas chromatograph (Shimadzu, Kyoto, Japan) coupled to a flame ionization detector (FID). The GC column used was a TC-FFAP fused silica capillary column (30 m Â 0.53 mm i.d., 1 mm film thickness; GL Science, Osaka, Japan). Oven temperature was held at 40 C for 2 min and then programmed to 240 C at 5 C/ min. The injector and detector temperatures were 250 and 280 C respectively. The linear velocity of the helium carrier gas was 1 ml/min. Two microliters of each sample were injected into the GC in a split ratio of 1/30. Each sample was tested in triplicate.
Formation of AcA from asparagine and various saccharides. Formation of AcA from asparagine and various saccharides was performed according to the aqueous reaction model system of Mottram et al.
7)
Reaction mixtures containing 0.1 mmol of asparagine and 0.1 mmol of saccharide in 1 ml of 0.05 M phosphate buffer (pH 6.0) were heated in a sealed glass tube at 150 C for 20 min. Amounts of AcA from reaction mixtures were analyzed by GC-FID after derivatization to 2-bromopropanamide.
Influence of non-reducing saccharides on AcA formation. Reaction mixtures containing 0.1 mmol of asparagines, 0.1 mmol of glucose or ascorbic acid, and 0.1 mmol of a non-reducing saccharide (trehalose, neotrehalose, glucosyltrehalose, maltosyltrehalose, CTS, -cyclodextrin, -cyclodextorin, sorbitol, mannnitol, erythritol, xylitol, maltitol, isomaltitol, or lactitol) in 1 ml of 0.05 M phosphate buffer (pH 6.0) were treated as in the above AcA formation reaction.
Influence of amounts of glucose or asparagine on AcA formation. Two reaction groups were used. One group was a reaction mixture varying the quantity of glucose. Reaction mixtures consisting of 0 to 1 mmol glucose, 0.1 mmol of asparagines, and 1 ml of 0.05 M phosphate buffer (pH 6.0) in the presence (0.1 mmol) or absence of trehalose were heated at 150 C for 20 min. The second group varied the quantity of asparagine. The concentrations of AcA from the reaction mixtures were analyzed by GC-FID after derivatization to 2-bromopropanamide.
Heat-decomposition of glucose. Reaction mixtures containing 0.1 mmol of glucose and 1 ml of 0.05 M phosphate buffer (pH 6.0) in the presence (0.1 mmol) or absence of trehalose were heated at 150 C for 20 min. The reaction products were analyzed by TC-FFAP fused silica capillary GC (GC conditions were the same as for the AcA analysis), and peak identification by GC-Mass analysis. GC-Mass was carried out on a Hewlett-Packard 5890 II gas chromatograph (Agilent; Foster City, CA) coupled to a JMS-Automass type 20 mass spectrometer (JEOL, Tokyo). The GC columns were a TC-FFAP fused silica capillary column (30 m Â 0.25 mm i.d., 0.25 mm film thickness; GL Science, Osaka, Japan). The oven temperature was held at 40 C for 2 min, and then programmed to 240 C at 5 C/min. The linear velocity of the helium carrier gas was 1 ml/min. The injector and detector temperatures were 250 and 260 C respectively. Two microliters of samples was injected into GC in a split ratio of 1/10,000. Mass analysis was performed using electron ionization (EI; 70 eV), and the mass range was 29-500 amu. Chromatographic peaks were identified using Lucy version 2.3 software (JEOL, Tokyo).
Formation of AcA from asparagine and the decomposition products from glucose. Reaction mixtures containing 0.1 mmol of asparagine, 0.1 mmol of decomposition products from glucose (pyruvaldehyde, 5-hydroxymethyl-2-furfural, 2,3-butandione, and glyceraldehyde), and 1 ml of 0.05 M phosphate buffer (pH 6.0) in the presence (0.1 mmol) or absence of trehalose were heated in a sealed glass tube at 150 C for 20 min. The amount of AcA from the reaction mixture was analyzed by GC-FID after derivatization to 2-bromopropanamide.
Results
AcA formation from asparagine and various saccharides Table 1 lists the quantity of AcA formed when asparagine was reacted with a variety of reducing and non-reducing saccharides. The reducing saccharides resulted in the formation of AcA, while the nonreducing saccharides did not produce AcA, with the exception of sucrose. It is likely that at the reaction temperature (150 C) sucrose was hydrolyzed into glucose and fructose, both reducing saccharides. Among the reducing saccharides tested, ascorbic acid gave the largest quantity of AcA (268.1 mg/mol-Asn). The AcA formation from ascorbic acid was almost twice as much as that of glucose (142.3 mg/mol-Asn). In ascending order, the mono-saccharides, glucose, xylose, galactose, and fructose formed relatively large amounts of AcA (142.3-174.5 mg/mol-Asn). Di--glucosaccharides [kojibiose (1 ! 2 linkage), nigerose (1 ! 3), maltose (1 ! 4), and isomaltose (1 ! 6)] produced the same amounts of AcA (114.4-128.5 mg/mol-Asn), suggesting that AcA formation has no relation with the glucosidic linkages. The AcA formation from lactose was relatively low (87.4 mg/mol-Asn) in comparison with those of other di--glucosaccharides. Maltooligosaccharides, glucose, maltose, maltotriose, and maltotetraose showed that AcA formation decreased with the lager chain. These data indicate that AcA formation is dependent not only on the reducing power of the saccharide, but also on other factors such as the chain-length and the specific constituents of the saccharides.
The influence of reaction temperature on AcA formation using ascorbic acid, glucose, and fructose was studied (Table 2 ). These were in positive correlation in the increase in AcA formation as the temperature increased. Ascorbic acid exceeded glucose and fructose in the quantity of AcA formed at every temperature. The formation of AcA from ascorbic acid (1.96 mg/molAsn) at 100 C suggests that the stronger the reducing power of the substrate, the higher the potential for AcA.
Suppressive effect of non-reducing saccharides on AcA formation
The results of the inhibitor effect of various nonreducing saccharides on the formation of AcA are shown in Table 3 . While many non-reducing saccharides suppressed AcA formation, trehalose and neotrehalose (-D-glucopyranosyl -D-glucopyranoside) suppressed formation to 14 and 15% respectively. The suppressive effects of sugar alcohols and other oligosaccharides were not nearly as large and -cyclodextrin had an enhancing effect. Trehalose was selected to be used in further examination of this phenomena. A mixture containing asparagine (0.1 mmol) and various saccharides (0.1 mmol) in 0.5 M phosphate buffer (1 ml, pH 6.0) was heated in a sealed glass tube at 150 C for 20 min. The amount of AcA in the reaction mixture was measured by GC after derivatization to 2-bromopropanamide. Mean AE standard deviation (n ¼ 3). Ã CTS, Cyclic tetrasaccharide. 
A mixture containing asparagine (0.1 mmol), glucose (0.1 mmol), and nonreducing saccharide (0.1 mmol) in 0.5 M phosphate buffer (1 ml, pH 6.0) was heated in a sealed glass tube at 150 C for 20 min. AcA was analyzed by GC after derivatization to 2-bromopropanamide. Mean AE standard deviation (n ¼ 3). 
Trehalose concentration
The suppressive effect of various concentrations of trehalose on AcA formation from asparagine and glucose, and ascorbic acid, was examined. As shown in Fig. 1 , the effect of trehalose was dose-dependent using either glucose or ascorbic acid. Although ascorbic acid resulted in about twice the amount of AcA as glucose, the concentration profiles are similar. The two curves showed the same inhibition rate (I 50 ¼ 0:025 mmol trehalose).
Substrate of the trehalose inhibitory effect
In order to elucidate the mechanism of AcA formation, the effect of trehalose was examined for the relationship with glucose and asparagine. When various quantities of asparagine were used in the model system, the AcA inhibitory effect of trehalose was independent of dose ( Fig. 2A) . Conversely, the quantity of glucose in the reaction dramatically affected the inhibitory effect of trehalose (Fig. 2B) . The highest concentration (1 mmol) of glucose decreased the inhibitory effect of trehalose to 13%. These results indicate that the effect of trehalose is dependent on glucose but not on asparagine. This suggests that trehalose inhibits a reaction in which glucose is converted into another substance(s), but does not directly interfere with asparagine.
Decomposition of glucose
Solutions containing glucose in the presence or absence of trehalose were heated to 150 C, and the reaction products were analyzed with GC. As shown in Fig. 3A , glucose gave two major peaks and a number of minor ones. GC-Mass analysis revealed that the two (Fig. 3B) , reaction peaks a, b, f, and g were dramatically reduced. Further studies confirmed that the two major degradation products of glucose, pyruvaldehyde and HMF, occur in the reaction mixture of glucose and asparagine (Fig. 4) . Pyruvaldehyde and HMF are formed in the initial stages of the time course of the reaction, with the peak at 15 min. As the products decrease AcA increases. To determine whether the glucose metabolites participate directly in the production of AcA, pyruvaldehyde, HMF, glucose, 2,3-butandione, furfural, and glyceraldehydes were used in the Mottram et al. test system (Table 4 ). Pyruvaldehyde and HMF resulted in 132 mg/mol-Asn and 130 mg/molAsn of AcA respectively. Furfural, 2,3-butandione, and glyceraldehydes also produced AcA, but the AcA formation from 2,3-butandione was more than 3-fold less than the next-lowest reactant furfural. Trehalose suppressed AcA formation from the glucose degradation product, especially pyruvaldehyde (45% suppression) and HMF (89% suppression). These data indicate that all the glucose degradation products can interact with asparagine to form AcA. Trehalose appears to inhibit not only the formation of these intermediates for AcA, but AcA formation from these intermediates.
Discussion
It is well established that reducing saccharides react with amino compounds, including amino acids and protein, by the Maillard reaction.
14) The formation of AcA from reducing saccharides and amino acids is also known to occur in the Maillard reaction. Stadler et al. have proposed that N-glucosides formed in the course of the Maillard reaction caused AcA formation. 8) Mottram et al. showed that amino acids react with dicarbonyl compounds formed in the Maillard reaction. 7) AcA formation was divided into two categories: (i) the dry reaction system, and (ii) the high moisture reaction system. With due regard to the reaction mode, the former might correspond to AcA formation from Nglucosides, as proposed by Stadler et al. 8) On the other hand, the latter appears to be the reaction of dicarbonyl compounds mentioned by Mottram et al. 7) In fact, it was observed that pyruvaldehyde is an intermediate for AcA (Fig. 3) . It has been reported that pyruvaldehyde is a main dicarbonyl compound in the alkaline-degradation of glucose into lactic acid. 15) These data are the first to suggest that HMF is a key intermediate compound for formation of AcA in the high moisture reaction system. HMF is a well-know impurity in reducing saccharides such as glucose and fructose. 16) This substance is more reactive with amino compounds than glucose or fructose to generate the Amadori rearrangement product.
17) The occurrence of both of these degradation products, plus several lesser compounds, in the high moisture reaction system indicates that glucose is heat-degraded into more reactive compounds and that the compounds reacts with asparagine to form AcA. The data (Fig. 4) show that HMF was found in greater quantity than pyuvaldehyde in the reaction mixture of glucose and asparagine, but that glucose alone gave as much pyruvaldehyde as HMF (Fig. 3A) . Although there is presently no explanation of the difference in quantity, it appears clear that the two compounds cause AcA formation in the high moisture reaction system. Ascorbic acid is an antioxidant vitamin possessing stronger reducing power than glucose or fructose. 17) It is well accepted that this vitamin is heat-sensitive and easily degraded and polymerized to other substances. 18) AcA formation from ascorbic acid at 150 C was at almost twice the quantity from glucose. Trehalose 
A mixture containing asparagine (0.1 mmol) and the glucose-decomposition products (0.1 mmol) with or without trehalose (0.1 mmol) in 0.5 M phosphate buffer (1 ml, pH 6.0) was heated in a sealed glass tube at 150 C for 20 min. AcA was assayed by GC after derivatization to 2-bromopropanamide. Mean AE standard deviation (n ¼ 3).
suppressed AcA formation from ascorbic acid similarly to that from glucose. It has been reported that ascorbic acid forms 2-furfualdehyde, an analog of HMF, through the dehydration reaction. 19) A significant though small amount of AcA (1.96 mg/mol-Asn) formed from ascorbic acid even at a comparatively low temperature (100 C). This value of AcA was more than 10-fold that observed for glucose or fructose. These results suggest the possibility that ascorbic acid-rich foodstuffs might contain a small amount of AcA when boiled or microwaved.
Various non-reducing saccharides, especially trehalose, inhibited AcA formation from glucose and asparagine in the experimental system. Trehalose was found to inhibit the formation of pyruvaldehyde and 2,3-butandione from glucose (Fig. 3B) . Although Mottram et al. used 2,3-butandione as a reactant for AcA, 7) our experiment showed that the yield of 2,3-butandione from glucose was relatively poor compared to the production of other compounds, and when used in the same proportion as pyruvaldehyde produced only about 25% of the amount of AcA (Table 4 ). These results indicate that AcA formation results principally from the presence of pyruvaldehyde rather than 2,3-butandione. Trehalose also inhibited the formation of HMF from glucose, but the inhibition was not complete as compared to pyruvaldehyde, for which the inhibition appeared complete (Fig. 3) . The difference in the suppressive activity of trehalose might result from different routes in formation between pyruvaldehyde and HMF. Pyruvaldehyde is produced when the C3 and C4 bond of glucose is broken by the reverse aldol condensation reaction, while HMF is formed by the dehydration reaction via 1,2-endiol. 15, 16) In addition to apparently complete inhibition of the formation of pyruvaldehyde from glucose, trehalose also had a direct inhibitory effect on the formation of AcA from pyruvaldehyde (Table 4) . Further, Table 4 indicates that on an equal molar basis, HMF results in the same quantity of AcA as pyruvaldehyde. However, data from Fig. 4 suggest that under these conditions the amount of HMF produced from glucose is substantially less than that of pyruvaldehyde. While this direct inhibitory effect of trehalose was not as large as that of HMF, furfural, or glyceraldehydes, these data, coupled with the lager inhibitory effect of the conversion of glucose to pyruvaldehyde, suggest that pyruvaldehyde is the principle contributor to the formation of AcA in this type of reaction.
These data support the conclusion that non-reducing saccharides, with the exception of sucrose, can reduce the production of AcA under these experimental conditions. Trehalose, in addition to neotrehalose, appears to be the saccharide with the greatest potential to reduce the amount of AcA during the heating of substances containing reducing saccharides or asparagine. Trehalose was further examined because it is approved as a food ingredient in the larger regulatory jurisdictions of the world, whereas neotrehalose is not. Trehalose is currently used in a wide variety of food products throughout the world. The information presented in this report indicates that trehalose might be beneficial in reducing the theoretical risks from the presence of AcA in prepared foods. Further studies will focus on elucidation of the mechanism of action of the inhibition of trehalose on AcA.
